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ABSTRACT

An experimental Investigation has been made of the pressure

distributions on a set of cone-models incorporating annular cavities.

This study is the first part of a program which Includes measurements

of recovery factor and heat-transfer distributions. The cone-surface

Mach number was 6.5, and all cavity flows were "open".

The results Indicate that a regime of laminar, open cavity

flow exists at hypersonic Mach number which Is characterized by the

property that the cavity floor pressure Is virtually constant.

Recompression Is confined to the last 10% of the cavity near the

reattachment point.
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NOTATION

D Maximum depth of cavity

L Length of cavity

LI Length of model surface before separation shoulder,
measured along slant side of cone

M Mach number

Mach number on dividing streamline
p Pressure

Re Reynolds number based on fluid properties
at the edge of the boundary layer on the basic cone

u Velocity In k ýdIrectIon

u* Ratio of u to velocity at edge of shear layer

x Distance measured trom nose along slant side
of basic cone

x Distance parameter defined In text

8 Boundary layer thickness

Y Ratio of specific heats

p Mass density

2Pt Viscosity coefficlenbr

Subscripts:

¢,scone Values on basic cone

SCr "Critical" value

a Conditions at edge of boundary or shear layer

0 Isentropic stagnation conditions

R Reattachment shoulder

R Cavity floor at beginning of reattachment
corner radius

Position of last pressure orifice In cavity
before reattachment shoulder

S Separation shoulder
SI Cavity floor at end of separation corner radius

Free-stream conditions

- 'J
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INTRODUCTION

N Separated flows at supersonic and hypersonic Mach numbers have

been the subject of many experimental and theoretical Investigations

during the past decade. The Increasing attention paid to these flows Is

due partly to their very widespread occurrence, and partly to the extreme

& modificatlons of the pressure and heat-transfer distributions which are

produced In a flow configuration by n separated region.

At the Gas Dynamics Labor.,., ry of Princeton University, a general

program of research Into various types of separaied flow has been In progress

for some time. The present work Is an Interim report on one aspect of this

program -- the study of laminar, hypersonic cavity flows. Besides being a

logical part of the framework of the main research program, this Investlga-

tion was motivated In particular by the work of Chapmeoi and his co-workers

at the Ames Research Center. In Ret. I, It was shown that the separated

laminar layer Is surprisingly stable at higher Mach numbers, arid In hyper-

sonic flow the free laminar layer can be almost as stable asian attached

laminar boundary layer. As a result, the separated laminar layer, which

at lower Mach numbers had been of little more than academic fnterest because

of Its rare occurrence, now appeared to be of considerable practical

Importance In hypersonic flow, In 1956,- Chapman published a theoretical
.7 .

Investigation (Ref. 2), which produced the result that for the laminar

separated flow model he chose, the average heat-transfer rate was only

56$ of that which would occu' with an attached layer. (This value was

for a Prandtl number of 0.72.) In Ref. 3, the experimental work of

Manuscript released by thu author (February, 1963) for publication as
an ARL Technical Documentary Report.
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Larson confirmed Chapman's prediction. This result offered the attractive

possibility of using regions of separated flow as a means of alleviating

the heat transfer rates In critical areas on hypersonic flight vehicles.

In Larson's work, and In several investigations which followed,

the Mach number of the experiments was In the supersonic range, and the

present author Is unaware of any experimental studies of laminar cavity-

flows which were carried out In hypersonic flow. The experiments described

In the present report were all made In the hypersonic regime, at a free-

stream Mach number of about I1.

The configuration chosen was that of an annular cavity on a 200

total-angle cone (Figure 1). A cone was taken as the basic model, rather

than a flat plat3, for the following reasons:

(I) The problems Involved In obtaining truly two-dimensional

flow would be avoided.

(II) The high entropy gas passing through the normal section

of the bow-wave at the nose would be distributed over as

large a model surface as possible. The boundary layer would

therefore absorb the entropy layer, before the cavity station

was reached.

(111) The pressure on the surface of the basic model would be

substantially constant with distance from the nose.

(Iv0 The boundary layer would be as thin as possible. (The cone

boundary layer Is thinner than that on a flat-plate by tho

factor V/ 3

The basic cavity geometry was chosen to have a conical floor, with

rounded corners to avoid Imbedded ring vortices. (See last sketch of

Figure W. In addition, a cavity modal in which the cut-out was formed

2
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from a single circular arc was studied. (Second sketch of Figure I.)

This latter model was tested to check the sensitivity of the pressure

and heat-transfer distributions to fairly drastic changes In reattachment

shoulder geometry. In additlon, it was hoped that the single-arc cavity

geometry might approximate the geometry of a "separation bubble", such as

that produced fn the Interaction between a strong shockwave and a laminar

boundary-layer. In particular, the streamline reversal would occur In an

acute-angled corner, and the swept cavity-floor length would be more

nearly equal to the length of the dividing streamline.

The Investigation was conducted with the various theoretical

analyses of separated flows jn mind. It was hoped that the present experi-

mental study would provide comparison data for the theories of Chapman and

others, and also provide Information useful In the forniulation of more In-

volved theoretical treatments. In this respect, It was realized that a

regime of laminar, hypersonic cavity flow In which the cavity floor

pressure was virtually constant over the section of the cavity upstream

"of the reattachment region would be of considerable interest. An Initial

object of the present study was thorefore to determine If such a regime

existed for laminar hyporsonic flows. It Is well-known that two stable
¢,73

types of cavity-flow exist -- "open" flows In which the dividing streamline

bridges the cavity between separation arid reattachment points, and "closed"

flows In which the flow reattaches on the cavity floor. In general, the

pressure on the cavity floor is not constant In either regime, but there

were Indications from Investigations carried out with transitional, super-

sonic cavity-flows that within the "open" regime there existed two

sub-regions. At low values of cavity length-depth ratio, the pressure

3
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on the cavity floor was usually constant. At higher L/D's, Ithis pattern

would gradually change to one with an appreciable pressure gradient on the p

cavity floor. This change occurred at lower values of L/D than the

"critical" value (at which open-clbsed transition occurred).

In view of these considerations, only open cavity flows were studied

in the present investigation. The length-depth ratio of the basic cavity-

model was varied over a fairly largo range, but was always lower than the

C¢JtIcal value.

Besides the cavity length-depth ratio, only one other parameter was

varied In the work presented In this report. This was the Reynolds number,

which was varied to change the boundary-layer thickness at seperation, and

also to determine the extent of laminar flow. Transitional flows were not of

Interest In the present study, but Chapman's work had demonstrated the govern-

ing Importance of the relative positions of the transition and reattachment

points, pnd It was therefore essential to know the limits of the laminar regime.

For the present work, the free-stream Mach number was kept constant

at about II, giving a cone surface Mach number of about 6.5.

EXPERIMENTAL EQUIPMENT AND TECHNIQUES

All experiments were carried out In the 3 Inch helium hypersonic

tunnel of the Gas Dynamics Labordtory at Princeton University. This facility

is fully described In Ref. 4. Tests were normally made at three levels of

stagnation pressure -- 400, 700 and 1000 psla, corresponding to values of

unit Reynolds number on the conical model surfaces of 0.59, 0,97 and

1.34x10 6 per inch, respectively. The variation of the center'line Mach

number In this range for the contoured nozzle used Is shown In Figure 2.

4
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For the present Investigation, I0 pressure models were made. One

of these was a 200 total-angle cone used for normallsatlon. All cavity-

models were based on this geometry. Eight models Incorporated cavities of

the same general shape, with varying values of length and depth. The

remaining model was designed with a cavity formed from a single circular

arc. The models are sketched In Figure I.

All models were made of brass and were Instrumented with pressure

leads made from copper to avoid outgasslng. All models wore machined with

a nose diameter of 0.005 Inches to ensure that the hypersonic nose effect

would be constant. Each model carried 4 pressure taps spaced 900 apart at

a single axial station on the conical surface downstream of the cavity

position. These were used to align the models while the tunnel was running.

"The method of alignment was chocked by dellber'tely misallgning

several of thu models during test runs, and noting the changes which

occurred In the pressures. For most of the measurement points, including

the alignment station, the pressure varied slowly and continuously with

angle of alignment, and It was concluded that the allgnlng method was

completely satisfactory. The only region In which the pressure level

changed greatly with small changes In model alignment was in the Immediate

vicinity of the reattachment point. For this reason, In the results which

follow, It Is felt that the measuremonts made near reattachment should be

taken as giving the position and extent of the reattachment pressure rise

rather than a quantitative measure of 'he actual pressures. With this

reservatlon, the repeatabiI lty of the pressure measurements was very good.

Pressure measurements were taken on conventional ol I mianometers,

except for particularly high pressures, where mercury manometers were used.

i ~ ~ . . . . . . . . .. " . .



Schlleren photographs were taken using a two-mirror system with a

one microsecond spark light source. A "Fastax" movie camera running at up

to 8,000 frames per second was used to check the steadiness of the flow.

RESULTS OF EXPERIMENTS

PURE-CONE PRESSURE DISTRIBUTION

The pressure measurements on the pure-cone model were checked by

normallsing them by the local static pressure In the tunnel at the particular

I-agnation pressure of each test. The results of this are given In Figure 3,

I and are compared with the theoretical Inviscid values from Ref. 5, for two

bracketing values of the tunnel free-stream Mach number. It can be seen that

the hypersonic nose effect Is negligible for the present models, since the

measured pressure on the cone Is constant with axlal distance from the nose,

once allowance has been made for tunnel variations.

In normallsIng the cavity-model prerisure results, a mean of several

tests on the basic cone was used at each stagnation pressure. The experl-.

mental spread of the cone data around this mean was found to be + 1l% %

at most.

CAVITY-MODEL RESULTS

The pressure results on the cavity models were normallsod by the

cone pressure at the particular values of axial station and stagnation

pressure of each data point. The results are presented In terms of a

distance parameter defined as follows:

PositIon Parameter Dof I n IfI on

SUpstream of separation shoulder S 9 = xs-x

Within cavity x/L - XR-X

Downstream of reattachmren l shoulder 5Z/[. X-XR "

... .. . . ... .....



For convenience, the results fronm the regions upstream of)

within, and downstream of the cavity on each model will be described

separately.

Upstream of Separation Shoulder

These results are prese'ited in Figure 4. In the second part of I

the present report, recovery factor measurements on the basic cone will be

presented which show that the boundary layer at separation was always

laminar throughout the present tests. From Figure 4, It Is seen that the

disturbance due to the presence of the cavity on each model Is propagated

upstream about 10 to 15 boundary-layer thicknesses. This upstream influence

is strongest at p0 = 400 psia and weakest at po = 1000 psia, as would

be expected from the relative thicknesses of the boundary-layer in each case.

Pressure Distribution within Cavity

These results are presented in Figures 5 through 13. Results are

given for each cavity model In turn, each set cont.inIng measurements at

p0 = 400, 700 and '1000 psia. A detailed discussion of these results willU- be deferred until later, when the effect of cavity length-depth ratio

K• is described.

Downstream of Reattachment Shoulder

These results are given In Figures 14, 15 and 16 for the three

levels of stagnation pressure used. For all cavity models, the pressure

decayed quickly in the downstream direction. The pressure level dropped

to the cone value in about one cavity length or less for all models and

stagnation pressures. For comparison purposes, a decay curve corresponding

to the Inverse first power of W/L is shown on each figure, (Actually,

7
t.%
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SiI the equation ,

P O0.036V
0.975 0-0-6

Pcone / )

In all cases tested, the pressure on the surfaces downstream of

reattachment eventual Iy dropped to a value about 3% below the mean

cone value.
'.,

Transition from the Laminar Regime

In a hypersonic tunnel such as the present facility, In which

test-section density Is rather low, It Is not easy to detect transition

because of the reduced effectiveness of conventional optical techniques.

In the present Investigation, Information obtained from several techniques

was used to determine the limits of the laminar regime. In this section,

evidence of transition on the cavity models obtained from schlleren photo-

graphs, and from the measured pressure distributions will be presented.

The results of the recovery-factor and heat-transfer tests yield further

Information, and this Is presented In Part II of the present report. It

will be observed at this point that the Reynolds number for natural transi-

t ion on the pure cone was determined from recovery factor measurements to

be about 2xl06.6b~sed on length from the nose along the slant side of the

cone, and on fluid properties at the edge cfthe boundary layer).

A series of schlleren photographs of one of the long-cavity models

Is presented In Figure 17. Plates were taken at. .100 psia Intervals In

stagnation pressure. A definite change in the character of the lines

indicating the edge of the mixing layer and the downstream boundary layer

can be detected as the stagnation pressure rises. Zn the picture taken

81
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at p0  1000 psla, transition apparently occurs somewhere In the

middle of the cavity. LO

1 A method of detecting transition using measurements of the pressure

In the reattachment corner of a separated flow Is used by Chapman and his

co-workers. In Ref. 6, Chapman demonstrates that the pressure just before

reattachment rises sharply with the appearance of transition Inside the

"separated region. In Ref. 7, Larson and Keating use this as an Indicator

of transition for cavity flows. It Is probable that the pressure rise

occurs In cavity flows as a result of the Increased kinetic impact pressure

"of the turbulent mixing profile. In Figure 18, the pressure at the last

measuring orifice In the cavity before the reottachment shoulder of the

model with L = 1-1/4 Inches and 0 = 3/32 Inches In the present series Is

plotted as a function of Reynolds number based on the length to the ro-

attachment shoulder. The sharp pressure rise which occurs as the Reynolds

number Increases Is well marked.

From the above results, and from the heat-transfer and recovery

factor Informatlon It was concluded that the cavity flows In the present

6Investigation were laminar up to a reattachment Reynolds number of about 2xWO

(characteristic length taken as L + LI). Since this value Is the same as

the transition Reynolds number on the cone, It may be said that the laminar

separated layer was as stable as the attached laminar boundary layer for

the present tests, within tho level of experlmental uncertainty.

It should be reallsed that transition will occur at rather

different Reynolds numbers on models with different thermal characteristics,

as Is well brought out by the work of Larson and Keating In Ref. 7.

However, the Intentlion .n the present investigation was not to locate

944

,',.,..•,•'..'•,•.,. .. ,., ,...,.. ....-. ,',,•.,'. .... ......... ,.....'.....,.....,.......................,...,-....... ....- , .
-* 4*'.> Ii'.".." ..' -- " -...... .', ,".. *....'. .. . . . . . . . . ... . . .. " I



:7

transition exactly, but simply to define a regime which was

always laminar.,

Steadiness of the Cavity Flows

High-speed movie films Were taken of the flow over several of the

cavity models using a "Fastax" camera coupled to the schlleren system.

Film speeds up to 8,000 frames per second were used, and both laminar and

transitional flows were studied. In the case of the laminar cavity flows,

no unsteadiness could be detected. However, there were Indications of un-

steadiness In the transitional flows. This appeared to take the form of

fluctuation of the position of the transition point, wave radiation from the

rear of the cavity, and variation In the appearance of the weak shockwave

as the flow reattached.

The "Fast~x" films yielded pictures which were of much poorer

quality than the conventional spark schlleren photographs. This was due to

the small frame size necessary (16 mm), the lens system of tho camera and

the relative weakness of the continuous light source used with the movie

camera. In view of these Ilmitatlons, another method was tried. This In-

volved taking a number of spark schlleren photographs at random time

Intervals during a single run. These photographs were then magnified

20 times on an optical comparotor, and tracings made of the position of

the shockwaves and dividing streamlines for each plate photograph. This

method would detect any oscillatory unsteadiness with a frequency less

than 106 per second, since the one-microsecond spark photographs would

show different parts of the cycle.

It was found that the maximum fluctuation of the dividing stream-

line which could be detected In laminar cavity-flow-was about 3.8% of the

10



cavity depth in the direction normal to the model surface. The maximum

bow shockwave fluctuation was about half this value. Photographs taken

of transitional cavity-flow showed the same IndIcations of unsteadiness

which had been seen In the movie films.

No fluctuations In pressure level were ever observed on the

manometers in either the laminar or transitional regime during the

pressure tests.

It was concluded from the above results that the laminar cavity-

flows were steady within the limits of the detectlun techniques, and that

the transitional flows were unsteady. All tests Jndlcated that If any

unsteadiness were present In the laminar cavity flows, It was not of

sufficient mangitude to affect the quantities being measured.

Variation of the Cavity Pressure Distributions with Length-Depth Ratio

In cavity-flows, there are four characteristic lengths which

define a particular problem. These are the boundary-layer thickness at

separation, the length and depth of the cavity, and the critical cavity

length, The particular combination of these In non-dimensional form which

correlates experimental results has apparently not yet boon found. Most In-

vestlgators use the cavity length-depth ratio In presenting results.

Charwat et al, (Ref.,8) claim that L/LCr, Is the characteristic parameter,

but they present their results In terms of L/D and 6S/D . In the present

InvestIgatlon, the length-depth ratio has been found to be a useful

parameter, although It certainly does not provide a complete picture.

An examination of the cavity results In Figures 5 through 13

shows that at low values of L/D , the pressure Is virtually constant

II
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with R/L for about the first 90% of the cavity. After this station,

the reattachment pressure rise sets In. At higher values of L/D , a

definite pressure gradient appears on the cavity floor. In virtually all

cases, the pressure on the cavity floor Is lower than cone pressure. The

dividing streamline normally starts with a slight Inclination Inwards

towards the model axis (less than 10). The only case for which the

dividing streamline bent outwards at separation was the p0 m 1000 psia

test on the L - 1-1/4 Inches, 0 = 1/8 Inch model (Figure 11). This

test was In the transitional regime. Diagrammatic sketches of the flow

patterns In these various regimes are given In Figure 19.

In Figure 20, the cavity floor pressures at the beginning and end

of the si|-alght section are plotted for each model against length-depth

- ratio. The stagnation pressure for these results was 400 psla, and at this

pressure all cavity flows were laminar. The existence of a regime of

constant floor pressure Is clearly evident. When the length-depth ratio

rises to about 7 - 10 , a pressure gradient appears on the cavity floor.

It should be emphasized that all results presented are for "open" cavity

flows, even for the case of L/D - 20 . Schlleren photographs of a model

with L/D - 40 showed that this model was In the "closed" regime. Thus,

for laminar cavity flows of the present'type

20 <- <40

The pressure distribution on the model Incorporating a cavity

"formed from a slngle circular arc (L/D w 5) was found to be virtually the

same as the other models In the short-deep rang@e, although the recompression

pressure rise set In a little further upstream (Figure 8).

S12



SS
The effect of decreasing the value of 6s/D for- any particular,,'

value of L/D was to raise the cavity floor pressure. This effect becomes

stronger with Increasing L/D . In the present experiments, the theoretical

value of 6 (Ref. 9) was as follows:

Po (psla) 6S (Inches)

400 0.0225

700 0.0176

1000 0.0151

As a result, the range of 6S/D Investigated was from 0.12 to 0.36.

COMPARISON WITH OHiER INVESTIGATIONS

')1 The present investiga+ion Is concerned with lamlnar, open cavity

flows at hypersonic Mach numbers. In a search of the available literature,

very little work on laminar cavity flows was found. In addition, the cone-

cavity geometry used In the present work does not appear to have been

Investigated before. However, In one respect at least an Interesting

comparison can be made between the present results and the work of

other Investigators.
.dl ." .

As was mentioned previously, one of the objects of the present

study was to determine If a regime of laminar cavity flows existed which

was characterlsed by constant floor pressure over most of the cavity span.

The results of the pressure tests show that such a regime exists for L)D

less than about 7. The work of Johannesen In Ref. 1O, McDearmon In Ref. I11

and Charwat et al In Ref. 8, shows that thls "short-deep" rogime exists In

transitional flow at supersonic Mach numbers. The division of cavity flows

Into three regimes (deep open flows, shallow open flows and closed flows),

3I
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-*: rather than two (open and closed) is particularly well brought out by

McDearmon. Johannesen had laminar flow for his shortest cavities, and

believed that the change from constant floor-pressure cavity flows to

--.1 shallow open flows was caused by transition appearing In the separated-

flow region. Charwat et al disagree, and say that the change Is brought

about by the appearance of a weak oblique shock rooted In the shear layer

which Is neither caused by nor dependent on transition from the laminar

regime. Instead, It Is due to a deflection of the external stream which

Is a pbrt of the recompression mechanism. The present results are also In

conflict with Johannesen's explanation, since both forms of open cavity-

flow were found even whenthe flows were laminar throughout (Figure 20).

The changeover from open to closed flows In the laminar regime
A4..

was not determined exactly in the present Investigation since closed flows

were not of Interest. However, the critical value of L/D was found to

lie between 20 and 40. The only compa&.isons which can be made are Larson's

value of 30 in Ref. 7, and Kavanau's va'lue of about 25 In Ref. 12. No

other measurements are known to the present author. It appears that the

--.', critical length-depth ratio Is not strongly dependent on Mach number,

The pressure levels encountered In the present Investigation are

simillar to those of other workers, ranging from a low of P/Pc w 0.6 in the

cavity, to about P/Pc - 2 at reattachment. We can obtain some Idea of

the maximum reattachment pressure In laminar flow from Chapman's work In

I• Ref. 6. Assuming laminar, steady, two-dimensional cavity flow, with

IsentropIc compression along the dividing streamline and zero inltlal

boundary layer thickness, with a Prandtl number of I and with "doad-alr"

* temperature equal to outer stream total temperature, Chapman's analysis

gives the following equation for the reattachment pressure ratio:

14



'YI + M
2 e

Y-l I M 2 1
+_ -)M

In which u* = 0.587

For the present work, y 5/3, Me 6.5 and thus

-7.3

, This should be an upper limit on the pressure at 'the reattachment

shouluer in laminar flow. Any entropy rises In the recompresslon process

will result In a drop In the pressure at reattachment. Also, any Initial

boundary layer at separation will result In a lower value of u* , with a

consequent drop In kinetic energy Impact pressure. The pressure measurements

made very near the reattachment shoulder In the laminar flow studies of the

present work never gave values of p/pe greater than about 1.4 . Despite the

fact that these measurements cannot be very accurate, and In addition must be

less than pR/pe , the low value of the ratio Indicates that the effectiof

finite Initial boundary layer may be very important. (It Is unlikely that N7V

entropy changes In the re.lompresslon process will be signiflcant, When

shockwaves at reattachment were visible at all In schlieren photographs,

they were always very weak.)

CONCLUDING REMARKS

The present Investigation consists of measurements of the pressure

distribution on a set of annular cavities on a 20 cone. The cavity flows
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were "open", the flows wore either laminar or transitional, and the free

stream Mach number was about 11.2. (cone surface Mach number 6.5).

In the laminar regime, It was possible to distinguish between two .

regimes of open cavity flow, with the following characteristics:

I. Deep open flows (L/D < 7)

Pressure distribution Insensitive to changes of L/D . Cavity

floor pressure constant over first 90% of cavity. Cavity floor pressure

about 10i15% lower than basic cone pressure. Recompresslon confined to

small region near the reattachment point.

2. Shallow open flows (7 < L/D < LCr/D

Pressure distribution Insensitive to L/D. Dividing streamline

concave out. Recompression occurs along dividing streamllre as well as

In reattachment region, Significant pressure gradients on cavity floor.

The division of the cavity flows according to the above result,

and Including a distinction between laminar and transitional flows, Is

shown diagramatlcally In Figure 21. In this figure, the various models

tested are shown entered In the appropriate region for each stagnation

pressure. (Each model Is identified by the length and depth of the cavity,

as L Inches X D inches.) In the case of the deep, 5/8 Inches long-cavity

models at po 1000 psla, their entry In the transitional flow regime Is

based on recovery factor and heat-transfer measurements, since those

models were too close to the borderline for reattachment pressure

measurements to be conclusive.

The region of deep, laminar, open cavities Is shown shaded, and

Is the primary regime of Interest In the present program. In Figure 22,

the cavity pressure distrlbutions for all the tests In this regime

are superimposed.
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From this figure It can be seen that the pressure distribution Is

virtually constant for a quite wide range of cavity length-depth ratio

and boundary-layer thickness at separation.
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